Abstract We report on a simulation study of the calibration potential offered by floating Extensive Air Shower (EAS) detector stations (HELYCON), operating in coincidence with the KM3NeT Mediterranean deep-sea neutrino telescope. We describe strategies in order to investigate for possible systematic errors in reconstructing the direction of energetic muons as well as to determine the absolute position of the underwater detector.
Introduction
Energetic atmospheric muons, produced in secondary processes during the Extensive Air Shower (EAS) development, reach an underwater neutrino telescope from above with a rate exceeding in several orders of magnitude any neutrino source [1, 2] . With previous studies we have shown [3, 4, 5] that reconstructed EAS by floating HELYCON detectors can be used to investigate possible systematic errors. In this paper we report on the development of a new calibration strategy and we study its potential by means of Monte Carlo experimentation.
Description of Calibration Strategies
The calibration methods we propose are based on the simultaneous detection of an EAS, on the sea-top of the telescope, and of at least one energetic muon by the neutrino telescope. We consider that the EAS will be detected by three independent HELYCON detector arrays [5] , positioned on floating platforms above the neutrino telescope. Each platform will carry 16 HELYCON charged particle detectors, each of 1m 2 effective area, arranged on a two dimensional grid (5m cell size) covering a total area of about 360m
2 . The detectors on each platform will form an autonomous array equipped with a GPS antenna, for absolute synchronization and positioning, digitization and control electronics, as well as a data acquisition system controlled by a personal computer [6, 7] .
In our previous studies [3, 4, 8] the recorded signals by a HELYCON autonomous array were used to reconstruct the direction of the EAS axis and the coordinates of the point where the axis intercepts the horizontal plane at sea level. The evaluation of a possible angular offset and the neutrino telescope position were achieved by comparing the shower axis parameters with the corresponding muon track parameters, reconstructed by the neutrino telescope [3] .
Alternatively, each HELYCON autonomous array can be used to select EAS passing close to the center of the floating platform. When the telescope has detected at the same time (within a proper time widow) a down-coming muon track, a simple estimation of the muon track direction can be made [9] . That is the straight line (henceforth simple estimation) connecting the position of the center of the platform with the weighted mean (weighted by the observed charge) of the active 1 optical modules positions. Simulation studies have shown that by requiring several synchronously active HELYCON detectors in the array, with a collective response corresponding to many ionizing particles, the selection favors EAS passing very close to the platform. Figure 1 presents the total charge, collected by the active detectors of the array, as a function of the radial distance of the shower axis, at sea level, from the center of the platform. When requiring five or more detectors to respond in coincidence and the total collected charge to exceed the equivalent of 25 mips, the average radial distance is 44 m, whilst only 0.05% of the selected EAS are farther than 150m from the center of the platform.
Consequently, this simple estimation offers a good zenith angle resolution which is, according to our simulation studies, better than 0.7 o and also it is free of reconstruction bias. The simple estimation of the muon direction is compared, on an event by event basis, to the fully reconstructed muon track by the neutrino telescope (henceforth reconstructed muon track). Figure 2 presents the distribution of the difference between the simple estimation of the muon zenith angle (θ w ) and the corresponding parameter (θ t ) of the reconstructed muon track by a neutrino telescope 2 . Figure 1 : The collected total charge as a function of the distance, at sea level, of the shower axis from the center of the platform. The points correspond to the average total charge collected when at least one HELYCON detector is active (triangles) and when at least five detectors had responded in coincidence (circles). The error bars correspond to the RMS of the charge distribution per radial distance bin (3 m). The insert plot represents the radial distribution of selected EAS when at least five detectors were active with a collective response corresponding to more than 25 mip. This distribution corresponds to 39 hours of data collection with a single autonomous array. It consists of a central Gaussian structure (with a mean at 0.010 o ±0.045 o ) but also exhibits and other spurious structures due to badly reconstructed tracks. These tracks can be eliminated by applying stringiest track selection criteria, at the expense of the available statistics. It has been checked that this contamination of the event sample does not affect the resolution in investigating for angular offsets.
Similarly, we investigate for an offset in the azimuth angle reconstruction by comparing, event by event, the simple azimuth angle estimation with the corresponding angle of the reconstructed muon track. In Figure 3 it is shown the distribution of the difference between the simple estimation of the muon azimuth angle (φ w ) and the corresponding parameter (φ t ) of the reconstructed muon track by the neutrino telescope. The statistical error in the position peak of the central Gaussian structure (corresponding to 39 hours of data taking) is 0.3 o . Furthermore, one can estimate the absolute position of the detector by examining the distribution of the coordinates, with respect to the center of the autonomous array, of the point where the reconstructed track intercepts the horizontal plane, at sea level. However, the angular and spatial distributions described above are highly correlated. Our studies [12] have shown that a spatial systematic displacement of the detector results in an apparent zenith angle distortion and vice versa, requiring thus careful analysis in order to disentangle the effects.
Simulation and Results
In this paper we report on results for the SeaWiet [11] proposed telescope configuration consisting of 300 detection units (strings), each with 20 multi-PMT Optical Modules (OM), 130 m separation between strings and 40 m vertical separation between OMs 3 . We assumed that the telescope operates at a depth of 3500 m. The CORSICA simulation package [14] was used for the description of the EAS development, of primary particles (up to iron nucleus), of energy range from 10 TeV up to 5 PeV. The HELYCON array response as well as the reconstruction of the shower parameters were performed by utilizing the HELYCON simulation and reconstruction software package [5, 12] . For each EAS, producing energetic muon(s) which reach the underwater detector, the response of the neutrino telescope was simulated and a full reconstruction analysis was performed by utilizing the HOURS [10] package.
In this study a large statistical sample was simulated, corresponding to more than 8 million EAS. In order to study spatial effects the showers were spread randomly on an area of 500 m radius around an autonomous HELYCON array, positioned on top of the neutrino telescopes center. The resolution of evaluating systematic offsets was defined as the statistical error in estimating the central Gaussian peaks, scaled to the expected number of events to be collected during a 10-day operation of three autonomous HELYCON arrays (henceforth full data set). These results have been checked by forming 2000 smaller sets of events (each corresponding to 39 hours operation of a single array, and containing, per average, 1950 events) by employing the statistical bootstrap technique [12, 15] .
In Figure 4 we present the estimations of the central (Gaussian) peak positions, of the θ t -θ w distributions for all the 2000 sets of simulated events. These estimations follow a Gaussian distribution, centered at 0, with a sigma of 0.042 o which by definition is the sensitivity in evaluating a possible angular offset. When the sensitivity is scaled to the full data set, the sigma falls to 1 · 10 −2 degrees. Figure 2b demonstrates that the pull distribution of these peak positions (that is the estimated peak position divided by the estimation error) is indeed normal with a mean at zero and sigma consistent with one (1.05 ± 0.03). This behaviour indicates that the statistical error in estimating the position of the central peak expresses indeed the resolution of the calibration technique. Finally, our simulation studies conclude that the sensitivity in investigating for a systematic error in reconstructing the azimuth angle, corresponding to the full data set, is 0.07 o and the sensitivity in estimating the x and y coordinates of the underwater detector is better than 1 m.
Conclusions
We have studied a new strategy of using floating detector arrays in order to investigate for possible systematic errors in track reconstruction by an underwater neutrino telescope. Assuming that three floating arrays collect, independently of each other, data for a period of ten days, we found that a possible offset in zenith angle estimation can be evaluated with an accuracy of 0.01 o , whilst a similar offset in the azimuth angle can be found with an acurracy of 0.07 o . Furthermore the coordinates of the center of the neutrino telescope, can be estimated with an accuracy better than 1 m. In this study we did not take into account correlations of the above systematic errors.
